to be located in the same operon as spoT gene, which is involved in stringent response (Gentry & Burgess, 1989) . It led researchers to consider the role of ω in altering the RNAP activity in stringent conditions. Subsequently, ω-less RNAP was reported to be insensitive to ppGpp as determined by in vitro transcription assay (Igarashi, Fujita, & Ishihama, 1989; Vrentas, Gaal, Ross, Ebright, & Gourse, 2005) . Surprisingly, this effect was found to be nullified in vivo (Gentry et al., 1991) .
Specific binding of ω with β′ subunit was shown through cross-linking studies in Escherichia coli (Gentry & Burgess, 1993) . Subsequently, omega was recognized as the smallest subunit of RNAP and not an impurity. We previously reported that ω acts as a chaperone for RNAP as evident from its role in the renaturation of the denatured RNAP (Mukherjee, Nagai, Shimamoto, & Chatterji, 1999) . Interestingly, RNAP isolated from ∆rpoZ strain contains a large amount of bound GroEL, which is essential for RNAP activity and its association with sigma factors . We previously reported the involvement of ω subunit in the folding of β′ subunit and confirmed its critical role in the recruitment of β′ subunit at the final step of RNAP assembly (Ghosh, Ishihama, & Chatterji, 2001 ). We also reported that the unstructured ω subunit maintains the plasticity of the active site of RNAP, which in turn is essential for its activity. Dominant lethal mutants of ω subunit were isolated and found to be highly structured when compared to that of the wild-type ω. One of these mutants with N60D mutation (ω 6 ) was extensively studied to decipher the mechanism of lethality. The biochemical study showed stronger binding of ω 6 with the β′ subunit in comparison with the wild-type ω. Mutant RNA polymerase with ω 6 was found to be defective in transcription initiation, and suppressor mutation for this lethality was found to be at the residues adjacent to the catalytic center of the β′ subunit (Sarkar, Sardesai, Murakami, & Chatterji, 2013) .
In the last few years, a molecular link between ω subunit of RNAP and the stringent response has been elucidated. RNAP lacking ω does not respond to ppGpp in vitro but regains its sensitivity to ppGpp when reconstituted with ω or the protein DksA (Igarashi et al., 1989; Vrentas et al., 2005; Weiss et al., 2017) . Cross-linking studies showed that ppGpp binds at the interface of β′ and ω subunit, which was further confirmed by the crystal structure of RNAP-ppGpp complex (Ross, Vrentas, Sanchez-Vazquez, Gaal, & Gourse, 2013; Zuo, Wang, & Steitz, 2013) . ω subunit and ppGpp are important for the regulation of transcription initiation and stress response (Sarkar et al., 2013; Zuo et al., 2013) . In Staphylococcus aureus, Gram-positive bacteria, ppGpp does not bind to RNAP as the key residues responsible for ppGpp binding to ω subunit are not conserved and survival under stress is largely unperturbed in the ∆rpoZ strain (Weiss et al., 2017) .
Recently, Ross et al. identified one additional site for ppGpp binding on RNAP, which is at DksA-β′ interface and is 60 Å away from the previously identified ω-β′ interface site (Ross et al., 2016) . It explained the reason behind the rescue of ppGpp effect on ω-less RNAP in the presence of DksA and has shown that ppGpp binding at ω-β′ interface site does not require the participation of DksA. IC 50 value for ppGpp at DksA-β′ interface is twofold higher when compared to that of ω-β′ interface. Different concentrations of ppGpp requirement for the two sites hint at independent effects of ppGpp binding at the two sites depending on the ppGpp levels in vivo. It should be noted here that several years back we reported another ppGpp binding site on β subunit of RNAP (Chatterji, Fujita, & Ishihama, 1998; Toulokhonov, Shulgina, & Hernandez, 2001) .
ω has been studied extensively with respect to its role in sigma factor specificity, DNA relaxation (Geertz et al., 2011) and transcription activation (Dove & Hochschild, 1998) . The absence of ω leads to a different set of genes being transcribed as seen in E. coli (Chatterji, Ogawa, Shimada, & Ishihama, 2007) , S. aureus (Weiss et al., 2017) and Cyanobacteria (Gunnelius et al., 2014) . ω affects biofilm formation in Mycobacterium smegmatis (Mathew, Mukherjee, Balachandar, & Chatterji, 2006) and S. aureus (Weiss et al., 2017) . Although DksA/ppGpp synergistic role in E. coli has been studied extensively, the ω/ppGpp-mediated responses are still under question. To address the physiological importance of ω, we have used ΔrpoZ strain of E. coli. Our aim was to study the independent role played by ω in the cell.
In this study, we present our findings on the role of ω subunit in the interaction of ppGpp to RNAP and its physiological importance in E. coli. We have studied the role of structural flexibility of active site of RNAP in binding to ppGpp and determined the binding affinity of ppGpp to RNAP by isothermal titration calorimetry (ITC). We compared the in vivo (p)ppGpp levels in ΔrpoZ strain and the parent strain. Then, phenotype studies of ΔrpoZ strain under stress conditions were undertaken to analyze the role of ω in stress response. These experiments led us to identify a phenotype for E. coli when the rpoZ gene is deleted.
| RESULTS

| Flexibility in ω subunit plays a role in binding of ppGpp to RNAP
Although rpoZ gene product ω has been functionally characterized, a clear phenotype for the ∆rpoZ strain of E. coli has not been described yet. We had showed earlier that wild-type ω is an unstructured protein (Sarkar et al., 2013) and is necessary to maintain plasticity at the β′-ω interface of RNAP, which is also the target for ppGpp. We had generated a dominant-negative mutant for ω (ω 6 ), which is predominantly α-helical, and when incorporated into holo RNAP, the enzyme is initiation defective. In a recent work from our laboratory, the thermodynamic cost guiding the plasticity in β′-ω interaction for RNAP assembly and sigma factor recognition have been quantified (Bhowmik, Bhardwaj, & Chatterji, 2017) . Thus, in this report, we are inclined to quantitate the binding parameters of ppGpp to E. coli RNAP as a function of the plasticity in the structure of ω.
8-azido ppGpp was used to photo label RNAP (−ω), RNAP (+ω) and RNAP (+ω 6 ) for cross-linking studies (Syal & Chatterji, 2015) . Azido group, a known photolabeling agent, was added at the 8th position of guanine moiety of ppGpp molecule. RNAP reconstituted in the absence and the presence of ω was incubated with 8-azido ppGpp under UV radiation. On exposure to UV, the N 2 molecule is released, generating N-free radical which can make covalent bond by a nucleophilic attack on a nearby amino acid. RNAP crosslinked with 8-azido ppGpp was loaded on SDS-PAGE, and the autoradiogram of the gel was taken. We observed that cross-linking of 8-azido ppGpp to RNAP (−ω) was 80% less in comparison with that with the RNAP (+ω) (Figure 1 ). This experiment highlighted the influence of ω in the binding of ppGpp to RNAP. Furthermore, the cross-linking experiment was carried out to study whether unstructured nature of ω subunit plays a role in binding to ppGpp. In this experiment, RNAP was reconstituted in the presence of mutant ω 6 , which previously was shown to be largely α-helical in nature (Sarkar et al., 2013) . Densitometric analysis showed 30%-40% reduction in binding of 8-azido ppGpp to RNAP (+ω 6 ) compared to RNAP (+ω) (Figure 1 ). This experiment indicated the importance of unstructured ω in the binding of ppGpp to RNAP. Furthermore, DRaCALA assay was carried out and bound fraction was calculated. Bound fraction was found to be lower in case of ppGpp binding to RNAP (+ω 6 ) in comparison with the RNAP (+ω). Binding of ppGpp to RNAP (+ω) and RNAP (−ω) was taken as control in DRaCALA assay ( Figure  S1 ). Figure 1d represents the helical content observed in ω 6 and ω subunits from the previous study (Sarkar et al., 2013) .
| Isothermal titration calorimetry
showed reduced binding affinity of ppGpp to RNAP (−ω) and RNAP (+ω 6 )
We studied the binding affinity of ppGpp to RNAP (+ω), RNAP (−ω) and RNAP (+ω 6 ), using ITC analysis (Table 1; Figure 2 ). The integrated curves were fitted with Origin software for RNAP and ppGpp. Our purpose here was to measure the overall affinity difference between the two in the absence or the presence of ω subunit. In addition, the second site for ppGpp at the interface of β′-DksA has low affinity for ppGpp Table presents the percentage α-helicity in the native ω and mutant ω used in the reconstitution of RNAP (Sarkar et al., 2013) in the absence of DksA (Ross et al., 2016) . In Figure 2 , the representative titration curves obtained for binding of RNAP (+ω), RNAP (−ω) and RNAP (+ω 6 ) with ppGpp are shown. We observed a reduction in ppGpp binding affinity to RNAP (−ω) when compared to that of RNAP (+ω). ITC analysis indicated the decrease in binding affinity of ppGpp to RNAP in the absence of ω, as shown by our cross-linking experiment. ITC analysis further showed reduced binding affinity of ppGpp to RNAP (+ω 6 ) that could be due to the structured ω 6 (Sarkar et al., 2013) . Previously, it has been shown that ω 6 is more structured in comparison with that of the native ω ( Figure 1d ). These experiments were repeated thrice to confirm the binding pattern.
| In vivo (p)ppGpp levels remain unaltered in ΔrpoZ strain
As ω affects binding of ppGpp to RNAP, we wanted to analyze any change in phenotype under stress which occurs if ω is absent. To negate the possibility that any change in phenotype observed is due to the difference in the cellular (p) ppGpp levels, we first measured the (p)ppGpp levels in all the strains used under our experimental conditions. We could not find any significant difference in the (p)ppGpp levels in ∆rpoZ and wild-type strain in both enriched and minimal media ( Figure 3 ). ppGpp levels in ∆rpoZ pBAD-rpoZ strain were found to be comparable to that of the wild-type strain. From this experiment, we concluded that deletion of ω does not affect the synthesis of (p)ppGpp, and therefore, any difference in phenotype observed is possibly due to the reduced binding of (p)ppGpp to RNAP in ∆rpoZ strain.
| ΔrpoZ strain showed impaired recovery from nutritional stress
As ppGpp plays a major role under starvation (Hauryliuk, Atkinson, Murakami, Tenson, & Gerdes, 2015) , we tested the phenotype of wild-type, ΔrpoZ, ∆rpoZ pBAD-rpoZ and ΔrelA/ΔspoT E. coli strains under nutrient stress. All the cultures were grown till logarithmic phase in enriched media, harvested and resuspended in phosphate buffer saline with 0.2% casamino acids. We considered this medium as the starvation medium for growth of E. coli. Subsequently, at different intervals of time, cells were harvested and resuspended in LB and the recovery of growth of all strains was monitored by following the OD 600 . As shown in Figure 4 , with the increase in the time period of nutrient starvation, ΔrpoZ and ΔrelA/ΔspoT strains showed delayed recovery in comparison with that of the wild-type strain. CFU/ml counts were measured at different time points during recovery including zero time point to confirm the growth profile. CFU/ ml counts were found to be equal for all the strains at the Although ΔrelA/ΔspoT strain and ΔrpoZ strain showed a similar phenotype in recovery, the time taken by ΔrelA/ ΔspoT strain for the recovery was more in comparison with that of the ΔrpoZ strain. We could not see any difference in the recovery growth of ∆rpoZ pBAD-rpoZ strain when compared to wild type.
| ΔrpoZ strain of E. coli is defective in the biofilm formation
Biofilm is stress-related phenotype regulated by ppGpp (Beloin, Roux, & Ghigo, 2008) . Thus, we wanted to check whether the loss of ω affects biofilm formation. All the strains were tested for biofilm formation in both enriched (LB) and minimal media. In nutrient-enriched media, biofilm formation in the ΔrpoZ and ΔrelA/ΔspoT strains was similar to that of the wild-type strain. However, in minimal media, ΔrpoZ and ΔrelA/ΔspoT strains showed defective biofilm formation ( Figure 5 ). Upon overexpressing rpoZ in ∆rpoZ, the ability to form biofilm by E. coli was restored ( Figure 5 ) in minimal media. The recovery of the biofilm formation ability by overexpressing ω confirms that the defect in biofilm formation was not due to any polar effects on downstream genes. The biofilm defect in ΔrpoZ strain in minimal media was recorded in all three biological replicates. A parallel experiment was conducted in which OD 600 was measured to compare the cell density of all the strains to rule out the possibility that reduction in biofilm formation is not due to decrease in cell density of the strains ( Figure S2 ).
| ΔrpoZ strain has an altered lipid profile
The lipid components in the cell membrane affect the biofilm formation ability of bacteria. As we observed that ∆rpoZ strain is defective in biofilm formation, we wanted to see whether there was any change in lipid profile as well. Lipids were isolated from all the strains and characterized using MALDI-TOF mass spectrometry. Lipid profile of ΔrpoZ strain and the ΔrelA/ΔspoT strain was found to be different from that of wild-type and ∆rpoZ pBAD-rpoZ strains ( were observed to be less in ΔrelA/ΔspoT strain compared to that of the WT and ΔrpoZ strains. It should be studied in detail in near future.
| DISCUSSION
Despite ω being a subunit of RNAP, its role remains relatively unknown, as its absence does not affect transcription in vitro and ∆rpoZ strain does not show any visible change in phenotype. The role of ω became an important question to be addressed in light of a recent evidence showing ppGpp binding to the β′-ω interface of RNAP (Ross et al., 2013; Zuo et al., 2013) . ppGpp is an integral part of stress response in E. coli, and it orchestrates a major change at the transcriptional level in response to stress by binding to RNAP (Hauryliuk et al., 2015; Syal, Maiti, Naresh, Chatterji, & Jayaraman, 2015b) . Hence, the aim of this study was to decipher the role played by ω in E. coli stress response and determine the effect of its deletion on the ppGpp-associated phenotypes. ppGpp binds to RNAP and regulates transcription (Hauryliuk et al., 2015) . However, the binding affinity of ppGpp to RNAP and the dynamics of the ppGpp interaction are not known. We carried out photolabeling experiments which indicated that azido ppGpp binds less efficiently to ω-less RNAP, which could explain its insensitivity to ppGpp during in vitro transcription (Igarashi et al., 1989; Ross et al., 2013; Vrentas et al., 2005) . ITC analysis was carried out to confirm the findings of cross-linking experiment and determine the binding affinity. We observed an overall decrease in binding affinity of ppGpp to RNAP (−ω) when compared to that of the RNAP (+ω). The absence of ω led to many fold reduction in the binding affinity of ppGpp as indicated by ITC. The ITC analysis was carried out in the presence of high salt to rule out nonspecific binding.
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Defects in the growth recovery from nutritional stress in wild-type (red), ∆rpoZ (sky blue), ∆rpoZ pBAD-rpoZ (blue) and ∆relA/∆spoT (green) strains of E. coli. The recovery growth curves of the strains were obtained by measuring the OD 600 readings at half-hour intervals. Growth profile was analyzed following a starvation period of (a) 0 hr, (b) 6 hr and (c) 24 hr. (d) Measurement of growth recovery of wildtype (WT), ∆rpoZ, ∆rpoZ pBAD-rpoZ and ∆relA/∆spoT strains strain by colony-forming unit (CFU) count after a starvation period of 24 hr Genes to Cells
The disordered nature of ω is important for maintaining the plasticity of the enzyme during transcription initiation and binding of sigma factors (Bhowmik et al., 2017; Sarkar et al., 2013) . We wanted to see whether unstructured nature of ω is required for binding of ppGpp to RNAP. In this regard, we used a mutant ω (ω 6 ), which is structured, in the place of wildtype ω and observed a 30%-40% reduction in binding of azido ppGpp to RNAP. ITC analysis also showed decrease in binding affinity of RNAP (+ω 6 ) with respect to that with RNAP (+ω). It indicates that structural flexibility of ω subunit may be important for the binding of ppGpp to RNAP. More detailed studies are needed to further elaborate on the possible effect on the conformation of RNAP due to gain in the structure by ω 6 . Ross et al. (2013) pointed out that E. coli mutants impaired in ppGpp binding to β′-ω interface of RNAP and showed similarity to the cells lacking ppGpp. It gave us a platform to study how ppGpp binding at β′-ω interface reprograms the transcription machinery. Interestingly, ω plays a much wider role in the reprogramming of transcription by altering the sigma factors binding to RNAP (Geertz et al., 2011; . We tested several phenotypes associated with stress response in ΔrpoZ strain and compared them with the ΔrelA/ΔspoT strain. The growth recovery after nutrient starvation, biofilm formation ability and lipid profile was analyzed, and we observed that ∆rpoZ strain is similar to ΔrelA/ΔspoT strain of E. coli in this respect. However, we did not observe any difference in ppGpp levels in ΔrpoZ strain compared to that of the wild-type strain. It indicates that ppGpp is synthesized in the same amount inside the cell but does not bind to β′-ω interface to the same extent to modulate transcription. The observed phenotypes, we presumed, are due to the weaker binding of ppGpp to RNAP.
The transcription profiles of ΔrpoZ strains of S. aureus and Synechocystis sp. PCC 6803 have been reported to be altered (Gunnelius et al., 2014; Weiss et al., 2017) . Transcription of genes involved in energy metabolism, sugar uptake and general stress response was reported to be different in ΔrpoZ strain of S. aureus, whereas transcription of genes mainly involved in energy metabolism, cell envelope and respiration was altered in ΔrpoZ strain of Synechocystis sp. PCC 6803. We were unable to detect any growth impairment in enriched media, but after a period of nutritional stress, both ΔrpoZ and ΔrelA/ΔspoT strains showed a longer lag phase when shifted to enriched media. The ∆rpoZ strain showed a faster recovery than the ΔrelA/ΔspoT strain possibly due to the residual binding of ppGpp to β′-ω interface and subsequent hydrolysis of (p)ppGpp by SpoT. Additionally, slow recovery phenotype of ΔrelA/ΔspoT was unexpected and interesting.
Most importantly, ΔrpoZ strain of E. coli showed defective biofilm formation only in minimal media. It indicates that under stress conditions ω subunit plays an important role in biofilm formation. ΔrpoZ strain in M. smegmatis and S. aureus is known to be defective in biofilm formation (Mathew et al., 2006; Weiss et al., 2017) . It further explains the role of omega subunit in biofilm formation in both Gram-negative and Gram-positive bacteria. ppGpp in Gram-positive bacteria mediates its effect via non-RNAP targets (Hauryliuk et al., 2015) but is still involved in biofilm formation.
At the end, we would like to emphasize that, to the best of our knowledge, the defect in biofilm formation in E. coli ΔrpoZ strain is probably the first clear phenotype identified for this small subunit of RNAP. Table S1 lists the bacterial strains used in this study. ∆rpoZ pBAD-rpoZ strain was constructed by transforming ΔrpoZ strain with pBAD vector containing rpoZ gene under an arabinose-inducible promoter (Sarkar et al., 2013) . Strains were grown in Luria-Bertani broth (LB) or minimal media (M9 minimal media with 0.2% glucose and 0.2% casamino acids) as per experimental requirement. Kanamycin (50 μg/ml), chloramphenicol (25 μg/ml) and ampicillin (100 μg/ml) were used as antibiotics depending on the strain used. L-arabinose at the concentration of 0.1% was used to induce the over-expression of ω. Cell growth was monitored by measuring the optical density (OD) at 600 nm. Tryptophan at 40 μg/ml was added to the minimal media for unrestricted growth of ΔrelA/ΔspoT mutant. 
| EXPERIMENTAL PROCEDURES
| Bacterial strains and growth conditions
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BHARDWAJ et Al. Table S2 lists the over-expression plasmids used in this study. β, β′, ω subunits of RNAP were purified from inclusion bodies using the procedure described earlier Sarkar et al., 2013) . In brief, E. coli BL21 (DE3) cells transformed with these plasmids were grown in LB media containing respective antibiotics. The cultures were induced at OD 600 -0.6 with 1 mM IPTG or 0.002% Larabinose and subsequently grown for 3-8 hr at 37°C. Cells were harvested and lysed in a lysis buffer (50 mM Tris-HCl, pH 7.9; 100 mM NaCl; 1 mM PMSF, 2 mM EDTA and 10 mM Benzamidine) using sonication on ice. The pellets were washed twice with wash buffer (0.3% Triton X-100), and then, proteins from pellet were extracted overnight using extraction buffer (50 mM Tris-HCl, pH 7.9; 1 mM EDTA;
| Protein purification
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Percentage lipid constituents identified in wild-type (WT), ∆rpoZ, ∆rpoZ pBAD-rpoZ and ∆relA/∆spoT strains of E. coli 10 mM MgCl 2 ; 10 mM DTT; 200 mM KCl; 20% Glycerol; 6 M Urea). His-tagged α subunit of RNAP and Rel Nterminal domain (NTD) of M. smegmatis was purified using Ni-NTA affinity chromatography following the standard procedure. In brief, cells were lysed using sonication in lysis buffer (50 mM Tris-HCl, pH 7.9; 300 mM NaCl and 1 mM PMSF). After centrifugation, the supernatant was loaded onto a Ni-NTA column pre-equilibrated with equilibration buffer, and then, the column was washed with five column volumes of wash buffer (50 mM Tris-HCl, pH 7.9; 300 mM NaCl; 10 mM Imidazole) and protein was eluted with elution buffer (50 mM Tris-HCl, pH 7.9; 300 mM NaCl; 250 mM Imidazole). Before proceeding for reconstitution, all the proteins were checked on SDS-PAGE for the purity and confirmed using mass spectrometry.
| RNAP reconstitution
Reconstitution of the enzyme was carried out using the procedure described before (Tang, Severinov, Goldfarb, & Ebright, 1995) . In brief β, β′ and His-tagged α subunits of RNAP were mixed together in the molar ratio of 4:2:1 or with ω/ω 6 subunit in the ratio of 4:2:1:0.5 in a denaturation buffer (50 mM Tris-HCl, pH 7.9; 1 mM EDTA; 10 mM MgCl 2 ; 10 mM DTT; 200 mM KCl; 10 μM ZnCl 2 ; 10% Glycerol; 6 M Urea) and kept for stirring at 4°C for an hour. To avoid aggregation of β and β′ subunits, 0.5 mg/ml of reconstitution mixture was taken and volume was adjusted to 5 ml. This mixture was then dialyzed in renaturation buffer (50 mM Tris-HCl, pH 7.9; 0.1 mM EDTA; 10 mM MgCl 2 ; 1 mM DTT; 200 mM KCl; 10 μM ZnCl 2 ; 20% Glycerol) for next 24 hr at 4°C. The dialyzed sample was then centrifuged at 27540 g for 15 min to remove any insoluble debris, and the clear supernatant was then loaded on a Ni-NTA column. The column was washed with five column volumes of wash buffer (50 mM Tris-HCl, pH 7.9; 200 mM NaCl; 5% Glycerol; 0.1 mM EDTA; 0.1 mM DTT; 10 mM Imidazole), and protein was eluted in elution buffer (50 mM Tris-HCl, pH 7.9; 200 mM NaCl; 5% Glycerol; 0.1 mM EDTA; 0.1 mM DTT; 250 mM Imidazole). One more step of purification was carried out using Heparin-sepharose column chromatography. Protein was dialyzed in a dialysis buffer (10 mM Tris-HCl, pH 7.9; 150 mM NaCl; 5% Glycerol; 0.1 mM EDTA; 0.1 mM DTT) to remove imidazole and other salts and kept for overnight binding to the Heparin-sepharose resin. Elution was carried out using elution buffer (10 mM Tris-HCl, pH 7.9; 600 mM NaCl; 5% Glycerol; 0.1 mM EDTA; 0.1 mM DTT).
| Synthesis of 8-azido ppGpp and γ
32
P-8-azido ppGpp 8-azido ppGpp was synthesized as described before (Syal & Chatterji, 2015; Syal, Joshi, Chatterji, & Jain, 2015a) . In brief, GDP is converted to 8-Br GDP then to 8-azido-GDP, which was converted to 8-azido ppGpp by enzymatic transfer of pyrophosphate moiety from ATP. Storage of 8-azido ppGpp was carried out in HEPES pH 7.5 at −20°C. γ 32 P-8-azido ppGpp was synthesized using the protocol as described previously. In brief, 8-azido-GDP, ATP and γ 32 P-ATP were used as the substrates for the enzymatic conversion into γ 32 P-8-azido ppGpp using Rel N-terminal domain (NTD) of M. smegmatis in the reaction mixture. The reaction mixture was heated at 95°C for 5 min and passed through the filter of 0.2 μM pore size to remove the precipitated protein. Thinlayer chromatography was used to confirm the γ 32 P-8-azido ppGpp products by loading the filtrate on polyethyleneimine (PEI) cellulose sheet. The purity of 8-azido ppGpp was confirmed using MALDI-TOF mass spectrometry.
| Photolabeling of RNAP with 8-azido ppGpp
8-azido ppGpp photolabeling of RNAP reconstituted with and without ω/ω 6 was carried out as described before (Syal & Chatterji, 2015; Syal et al., 2015a) . In brief, RNAP (5 μM) was incubated with a 10-fold excess of γ 32 P-8-azido ppGpp (5 μCi, 50 μM ppGpp) and kept at 4°C for 30 min and the mixture on the ice was then exposed to UV radiation (4,000 μW/cm 2 ) from a distance of 12 cm for 5 min. Equal concentration of reaction mixture was loaded on SDS-PAGE (10%). Gel loaded with the samples was then further exposed for phosphorimaging (Bio-Rad PharosFX system, Quantity One software). The experiment was repeated thrice to confirm the pattern.
| DRaCALA assay
The "differential radial capillary action of ligand assay" (DRaCALA assay) was carried out with RNAP reconstituted with and without ω/ω 6 and 32 P-ppGpp. 5 μM of RNA polymerase (in 20 mM Tris-HCl, pH 7.9; 150 mM NaCl) was incubated with 32 P-ppGpp (5 μCi, 50 μM ppGpp) and was allowed to interact at 37°C for 30 min. Samples were spotted on nitrocellulose sheet and allowed to dry followed by phosphorimage analysis (Roelofs, Wang, Sintim, & Lee, 2011; Syal & Chatterji, 2015) .
| Isothermal titration calorimetry
ITC-200 microcalorimeter (GE Healthcare) was used for calorimetry studies. Protocol for the binding study was followed as described previously (Syal et al., 2015a) . In brief, RNAP reconstituted with and without ω/ω 6 was taken in the concentration range of 2-5 μM and ppGpp concentration varied from 0.1 to 5 mM in all the experiments. Both the ligand and protein were dissolved in a buffer consisting
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of 20 mM Tris-Cl pH 7.9, 150 mM NaCl and 0.5 mM β-mercaptoethanol. ORIGIN software of version 7.0 (Microcal, Malvern, Worcestershire, UK) was used to calculate the binding affinity (K a ). At the time of plotting, the heat of dilution for ppGpp was subtracted and first data point was removed from the experimental curve as suggested by the analysis software. Experiments were carried out in triplicates to confirm the results.
| Analysis of intracellular (p) ppGpp levels
Wild-type, ΔrpoZ and ∆rpoZ pBAD-rpoZ strains were grown overnight in Luria-Bertani broth. Secondary inoculation of all the strains was carried out in minimal media containing MOPS (3-(N-morpholino) propane sulfonic acid) with 0.2% glucose. At the OD of 0.2, cells were exposed to H 3 PO 4 ( 32 P) (specific activity, >3,000 mCi/mmol: BRIT) at the final concentration of 100 μCi/ml. For ∆rpoZ pBAD-rpoZ strain (ω complement), 0.1% arabinose was added at 0.5 OD for the induction of ω expression. Cells were grown for 24 hr, harvested, washed twice and resuspended in MOPS. Cells were lysed using an equal volume of 12 N formic acid and kept on ice for the next 30 min. Five microlitre of the nucleotide extracts from all the strains was normalized to OD 260 of 1, and 2 μl of each cell lysate was spotted on polyethyleneimine (PEI)-cellulose TLC sheet and was run in one dimension using 1.5 M KH 2 PO 4 (pH 3.4) as mobile phase and exposed for 2 hr for phosphoimaging. Densitometry analysis was carried out using Multigauge software version 3.3. Spots were further confirmed by MALDI-TOF mass spectrometry.
| Growth recovery assay
Wild-type, ΔrpoZ, ∆rpoZ pBAD-rpoZ and ΔrelA/ΔspoT strains of E. coli were taken from a glycerol stock and grown overnight. Secondary inoculums of 1% were added in 10 ml LB broth and were allowed to grow to logarithmic phase (OD-0.5). 0.1% arabinose was added at this stage for the induction of gene expression in ∆rpoZ pBAD-rpoZ. Cells were harvested after 1 hr and washed twice with phosphate buffer saline to remove traces of LB media. Subsequently, cells were suspended in phosphate buffer saline with 0.2% casamino acids, which was considered as the starvation medium. Cells were incubated at 37°C in this media in a shaker at 180 rpm. Later, at two different time points, 6 and 24 hr, cells were taken and OD was adjusted to 0.05 and growth profile was followed in LB media by monitoring OD 600 . Simultaneously to calculate the number of viable cells before stress and during the recovery in LB media, 100 μl of cells was taken and plated on LB agar after serial dilutions to calculate the CFU/ml. Recovery growth assay was carried out in two biological replicates and three technical replicates to confirm the pattern.
| Biofilm quantification
Crystal violet assay was carried out for the biofilm quantification. In 96-well plates, overnight grown cultures of wild-type, ΔrpoZ, ∆rpoZ pBAD-rpoZ and ΔrelAΔspoT strains were inoculated to a final OD 600 of 0.025 in LB and minimal media with 0.2% glucose and allowed to grow for 48 hr. Arabinose induction after 12 hr was given at 0.1% for the ∆rpoZ pBAD-rpoZ strain. Media was taken out and washed thrice with water to remove the unattached cells. 0.1% crystal violet was added to each well and incubated for 10 min. Wells were washed thrice with water to remove excess dye and cells. Cells were photographed after drying in the well. 100 μl of 30% acetic acid was used to solubilize the dye in well. Absorbance reading was taken at 590 nm. Biofilm quantification was carried out in three biological replicates. A parallel experiment was carried out in which OD 600 of all the strains was monitored to measure the cell culture density (Naresh et al., 2012; Syal, 2017) .
| Lipid analysis using mass spectrometry
Lipids were isolated from the wild-type, ΔrpoZ ∆rpoZ pBAD-rpoZ and ΔrelA/ΔspoT strains using the protocol described elsewhere (Gidden, Denson, Liyanage, Ivey, & Lay, 2009) . Briefly, all the strains were grown overnight in minimal media with 0.1% L-arabinose, harvested, washed twice with ice-cold 75% ethanol and lyophilized; 50 mg of cells was suspended in the ratio of 1:1:1 dichloromethane, methanol and chloroform. The mixture was vortexed for 1 min and incubated at 37°C for overnight. The lower organic layer contained the lipids. The organic layer was isolated and dried using nitrogen gas source. It was resuspended in 50 μl of dichloromethane. One microlitre of isolated lipids mixed with α-cyano-4-hydroxycinnamic acid (CCA) matrix was spotted on mass spectrometry plate for MALDI analysis. The experiment was conducted in three biological replicates (Syal et al., 2016) .
| Mass spectrometry and analysis
Mass spectrometry study was carried out following the protocol mentioned before (Gidden et al., 2009) . One microlitre of lipid mixed with 1 μl CCA (in 90% methanol and 0.1% formic acid) was spotted on a plate and allowed to dry. Mass spectra were recorded using Ultraflex II MALDI-TOF/TOF mass spectrometer (Bruker Daltonik, Germany) in positive-ion, reflectron mode (Syal et al., 2016) . Data were analyzed further by lipid gateway
